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Abstract

New experimental and theoretical studies of the collision-induced fundamental absorption spectra of
N,- O, and O,-N, pairs, where the first molecule makes the vibrational transition, are presented for a range
of temperatures. Most of the absorption arises from the long-range quadrupolar and hexadecapolar mech-
anisms for which accurate matrix elements are available from other experimental measurements or from ab
initio calculations. As in previous studies for N,-N, and O,-0,, we vary the molecular matrix elements and
the coefficients of the short-range induced dipole moments within realistic limits to obtain the best global fit
to the temperature-dependent integrated intensities for all the experimental data. This procedure provides
a more stringent test of the theory than the previous studies in which the parameters for N, and O, were
optimized independently. Using the parameters thus determined, we then calculate the spectral profiles
assuming the line shapes calculated quantum mechanically for N,. The agreement between theoretical and
experimental profiles is good, but discrepancies in the plateau region of the S-branch, which we attribute to
metastable dimer effects, and in the wings of the bands, which we attribute to the neglect of line mixing and
higher-order induction mechanisms, still remain. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In two previous papers, we have carried out theoretical studies of the collision-induced funda-
mental absorption of N,-N, and O,-0, pairs, respectively [1,2]. We considered a number of
induction mechanisms characterized by their angular symmetries; these include the dominant
long-range quadrupolar induction and the weaker hexadecapolar induction. In the O,-O, study,
we also included the long-range “back reaction” mechanism that, however, produced negligible
absorption, and we investigated the effects of including a short-range component for all the various
induction mechanisms. In order to calculate the band profiles for both N,-N, and O,-0,, we
used a quantum mechanical line shape calculated for N,-N, [3] together with matrix elements of
the multipole moments and the isotropic and anisotropic polarizability obtained either from
independent experimental studies or from accurate ab initio calculations. We then varied these
quantities by small amounts from their nominal values to obtain the best overall fits to the
measured absorptions over a range of temperatures. While the overall agreement between theory
and experiment was good, small structural features most apparent the plateau region of the
S branch that correspond to dips in the measured profile at the expected line center positions were
not present in the theoretically calculated profiles. We attempted to account for these differences in
the O,-0, spectra by modifying the line shape to take into account intercollisional interference
[4]. While we could improve the agreement, the density dependence determined was not consistent
with that expected for this mechanism. By subtracting the theoretical profile from the experimental
data, we obtained residual spectra that resembled dimer spectra observed at lower temperatures
[5] and we tentatively identified the small structural features as metastable dimer effects. In
addition to the above discrepancies, there were differences in the high- and low-frequency wings of
the bands that increased with increasing displacement from the band centers. However, in this
region the absorption falls off very rapidly and the experimental errors are large. Higher-order
induction mechanisms that would become relatively more important in the wings were not
included in the analyses, and the effects of line mixing associated with the anisotropic interaction
potential were also ignored.

In the present paper, we present new experimental data for a range of temperatures for the
collision-induced absorption in the fundamental regions of N,-O, and O,-N, pairs, where the
first molecule is the one making the vibrational transition. Because most of the experimental details
have been or will be published elsewhere [6-10], we concentrate in this paper on the simultaneous
fitting of the fundamental bands for both the pure gases and the mixtures over a wide range of
temperatures using the theoretical framework given previously [2]. We determine the values of the
matrix elements and magnitudes of the short-range induced dipole moments that yield the best
global fit to the experimental data.

The organization of the present paper is as follows. We give in the next section a very brief
outline of the theory used in fitting the experimental data. In Section 3, we present comparisons of
the theoretical and experimental integrated absorptions, showing the effects of varying the
parameters in the theory, and we obtain the best values for the global fit. These results differ slightly
from those obtained previously from the independent fits of the fundamental spectra of N,-N, and
0,-0,. We also present comparisons between theoretical and experimental spectral profiles at
several temperatures for the gas mixtures using parameters obtained from the global fit. In the final
section, we discuss briefly our conclusions from the present work and indicate possible refinements
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that could be made to improve the agreement. However, because independent values of the
parameters involved in these refinements, for instance, higher-order multipole moment matrix
elements or the short-range anisotropic interaction potential, are not known at present, and
because the overall agreement without these refinements is reasonably good, we do not feel that it is
fruitful at present to introduce additional free parameters simply to improve the fits.

2. Review of the theory

As discussed by Poll and Hunt [11], the spherical components in a space-fixed coordinate
system of the induced dipole moment for a pair of molecules can be written quite generally in terms
of appropriately coupled spherical harmonics

(i R) = [(4n)°/31Y2 Y Ax(4Z2Lirir2R) 3, (1)

A1 A AL Hipa M
CALL;uy + po, MV)C(Ay o Aspuy iz ity + 12)Y 50, (01)Y 5,0, (02) Y L ().

In this expression, r; ( =rq,w;)and r, ( = r,,w,) are the vectors describing the orientation of the
internuclear axes of molecules 1 and 2, respectively, and R (= R,Q) is the vector separation
between their centers of mass; the C’s are Clebsch—-Gordan coeflicients and the Y’s are spherical
harmonics. The dipole coefficients, A(41 A, L; r17, R), are real functions of the radial variables and
provide a coordinate-independent representation of the strength of the various induction mecha-
nisms specified by the indices A{,4,,A and L. Explicit results for the long-range parts of
Ax(A1 A5 L; r1r{ R) arising from back reaction (L = 1), quadrupolar (L = 3), and hexadecapolar
(L = 5) induction are given in Table 1. For each component in Table 1, there is also a short-range
part that we model by adding a term u(r{,r,)e” R~ where . (r,,r,) for L =1,3,5 are
adjustable parameters, ¢ is the Lennard-Jones radius, and p is a range parameter which we
arbitrarily choose as p = 0.110, a value that has been used previously to model H, collision-
induced spectra.

As in our previous papers [1,2], we neglect the anisotropic interaction between the colliding
molecules and write the absorption in terms of a superposition of components. The strengths of the
individual components at a temperature T are given by

Si{(T) = Py, C(J121J1;00)>P;, C(J 57, J5;00)*¢B,(R)*>, 2)
in which
Bj(R) = (01021 J2|An(A1 A2 Liryra R) W1 021 T ) (3)

is the matrix element of the coefficient A between the initial and final vibration-rotational states of
molecules 1 and 2 assuming simple product-type wavefunctions. The P, are the normalized
Boltzmann factors

Py =g,(2J + De” #*/Q(T), (4)
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Table 1
Induced dipole coefficients

A Ay A L ALpampaa(A1 22 Lir172 R)
0 0 0 1 g[_OC(’H)V(Vz)Qz(Vz) — a(r2)y(r1)Q2(r)JR ™7
> 0 2 I S2LOxr1) + 3 )2 Qalr1) — 2 Qa(r2)/SIR T
0 2 2 1 — %[(90‘(”2) + 39(r2))o(r1)Q2(r2) — p(r1)p(r2)Q2(r1)/SIR ™7
2 0 2 3 NEIT N
0 2 2 3 — /3ler1)Qa () IR
2 2 2 3 — (2/105)V2[Q, (r1)y(r2) — Q2 (r2)p(ri ) JR™*
2 2 3 3 — (/15205 (r )p(r2) + Qa2 (r2)y(r)IR™*
2 2 4 3 — 3(2/35)'P[Qx(r1 )y(r2) — Q2 (r2)y(r)JR™*
4 0 4 5 5[Qu(r)r) IR
0 4 4 5 — /30r1)Qu(r2)IR™°
4 2 4 5 — 2/3(7/55)2[Qa(r1 )y(r2)JR ~°
4 2 5 5 — 2(1/15)"2[Qa(r1 )y(r2)JR°
4 2 6 5 —(26/33)2[Qu(ry )y(r2)JR™°
2 4 4 5 2/3(7/55)"2[y(r1)Qa(r2)]JR™°
2 4 5 5 — 2(1/15) 2 [(r1)Qu4(r2)JR~°
2 4 6 5 (26/33)'2[(r1)Qa4(r2)JR~°
where
Q(T) =) gs(2J + 1)e™ /¥, (5

J

and g, are the nuclear statistical weights. Therefore, using the explicit results for the induction
coeflicients A (A4, L;r;ir, R) listed in Table 1, we can write the B,(R) in the form

Bj(R) = €00J1J5|An(A1 A2 Liry75)|01J J5 R~ 130, (6)
where 0, is the Kronecker delta. The average over molecular orientations, denoted by angular
brackets, can be calculated using the well-known results

(B/R)?> = 4anj(R>zg(R)R2 dR, %

where g(R) is the pair distribution function approximated by
o(R) = o™, ®

We assume that the isotropic potential Vy(R) can be adequately represented by a Lennard-Jones
potential, whose values of ¢ and ¢ are obtained from those of the pure gases [1,2] by the usual
combining rules, viz., g;; = (6;; + 6;;)/2 and &; = (&; ¢;;)'/>. Furthermore, if we neglect the slight
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dependence of the matrix elements in Eq. (6) on the rotational quantum numbers, we can
approximate Eq. (7) by

(Bj(R)*»=[<0000|Ax (41 42 Lir172)|0100>I(L), ©)

where

KL%:mq‘R‘%L+5&Ak‘”mW”dR, (10)
0

and L = 1,3 or 5 for the back, quadrupolar, and hexadecapolar induction mechanisms, respective-
ly. Then summing up the various components j listed in Table 1, we can calculate the integrated
intensity, or by multiplying each component by the normalized line-shape function, L;(w — w;/), at
its appropriate absorption frequency, w;;, computed from the gas values of the spectroscopic
constants, we can compute the spectral band profiles for the mixtures from

A(w, T) = w(w)/px, po, = (4752/3)06an agw
Y S{(T)Lj(w — w,). (11)

Jid i J4

o
Here o is the fine structure constant, n, is the number density at normal temperature and pressure,
and a, is the Bohr radius.

3. Comparison between theory and experiment

As a first step, we calculated the zeroth moment of the spectra [4]
Vo = JA(Q}, To 'dw (12)

for the fundamental bands of pure N,, pure O,, and for O,-N, and N,-O, mixtures as a function
of temperature T using the values found previously [1,2] for the various molecular parameters;
these are listed in column 1 of Table 2. The results for N, and O, denoted by the symbol
+ —— + are shown in Figs. 1 and 2 along with the experimental data and 5% errors bars [6-10].
Some of these data have not been published previously; specifically that of Moreau [10] for N,-N,
and O,-0,, and that of Lafferty et al. [12] for O,-0O,. The zeroth moment for the mixtures
N,-0, and O,-N, using these molecular parameters are shown in Figs. 3 and 4, respectively,
together with previously published [7,9] and new experimental data of Moreau [10] and Lafferty
et al. [12]. As can be seen from these figures, we obtain reasonable results for O,-N, but are
considerably outside of the error bars for N,-O,. We then tried to vary the two parameters that
account for the dominant contribution to the absorption, viz., a99 and Qq; for both O, and N,.
The results denoted by the symbol < |—— < | for the 4 cases shown in Figs. 1-4 are calculated
using the values listed in column 2 of Table 2. While the overall agreement is improved, large
discrepancies still remain. As a second step, we varied g, Q¢; and the Lennard-Jones radii,
on, and oo, (and thus o for the mixtures), which affect both the isotropic potential, V', and the
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Table 2

Molecular parameters in atomic units

N,

%00 11.74 11.50 11.50

o1 0.365 0.365 0.365

Yoo 4.75 475 475

Yo1 0.438 0.438 0.438

Qoo — 1.052 — 1.052 — 1.052

Qo1 5.63x 1072 6.13x10°2 6.13x 1072

$oo -175 -175 -175

do1 —15%x107! —15%x107! —1.5x107!

1% 6.956 6.956 7.005

O,

oo 10.87 11.08 11.08

o1 0.357 0.357 0.357

Yoo 7.30 7.30 7.30

Qoo —0.264 —0.264 —0.264

Qo1 0.106 0.1028 0.1028

$oo 44 44 44

o1 0.185 0.185 0.185

o 6.55 6.55 6.435
0.175 . .
0.165

v, (1 0° cm™ Amagat™)
o
o
[$]

0.145

I Error Bars : 5% ol

0.135 ;
190 240 290

Temperature (K)

Fig. 1. The temperature dependence of the zeroth moment of the fundamental band of N,-N,. Experimental results:
O Ref. [8]; OO Ref. [6]; < Ref. [10]. Theoretical results: + —— + calculated with the values in column 1 of Table 2;
< |—— <| calculated with the values given in column 2 of Table 2; | > ——| > calculated with the values given in
column 3 of Table 2; = + calculated with the values given in column 3 of Table 2 including the short-range
quadrupole-induced dipole contributions.
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Fig. 2. The same as Fig. 1 for O,-0,. Experimental results: O Ref. [7]; OO Ref. [10]; A Ref. [12]; & Ref. [12].
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Fig. 3. The same as Fig. 1 for O,-N,. Experimental results: O Ref. [12]; A Ref. [9]; O Ref. [7]; ¥ Ref. [10].

short-range functional form of the induced dipole function. The values are given in column 3 of
Table 2 and the results are shown in Figs. 1-4 by the symbol | > ——| > . Finally, we considered
a short-range contribution to the dominant quadrupolar induction mechanism. Letting N, = 1
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Fig. 4. The same as Fig. 1 for N,-O,. Experimental results are all from Ref. [10] for three independent measurements.

and O, = 2, this dipole component (ignoring the angular dependence) is of the form

1ty = /3{020r)ry) — o(ry)Q(r2)} + ua(ry,ry)e” R, (13)

where uz(ry,r,) = us(ry —ry) + --- and p3 is an adjustable parameter. This form satisfies the
symmetry requirement that interchange of r; and r, changes the direction of the dipole and one
gets a minus sign. We do not know whether the short-range coefficient is + or —, nor do we
know the sign of u5. For the N,-O, spectrum, we have to consider the <{0|{0|u,|1>|0) vibrational
matrix element, and for the O,-N, spectrum, we have to consider the <0|{0|u,|0>|1> matrix
element. In the first case, the dominant term is Qg0 (this is larger than og;Qgo), While in the
second case it 1S — %p9Qp1, thus introducing a minus sign. Since <0|<0r; —r,[1>|0> =
01> — (0|, |0> = — ry while <O0[<0|r; — r,|0>|1> = {0|r1]0> — {O|r,|1)> ~r,., these also differ
in sign. Therefore, the interference in O,-N, and N,-0O, should have the same overall sign, and
the magnitude for N,-O, should be approximately 10% larger than that for O,-N,, reflecting
the ratio of equilibrium internuclear separations in O, and N,. For pure O, or N,, the
function us(ry,r,) can be different in sign and magnitude from the mixtures because they arise
from O,-0O, or N,-N, collisions; in these cases, one can have resonant collisions, exchange
symmetry, etc.

We find that the results using usr. = — 5.0x 1075 for N,-O,, —4.5x107° for O,-N,, and
Usre = 5.0x107° for O,-0O, and N,-N,, together with the parameters in column 3 of Table
2 give reasonable global fits to all the data; these are shown in Figs. 1-4, denoted by the symbol
* x. Without accurate ab initio calculations, the magnitudes and signs of the short-
range fitting parameters cannot be independently verified at present. Although the isotropic
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T=253 K

A(®,T) (10° cm™".amagat ™)
o

0 1 1
2100 2300 2500
o (cm™)

Fig. 5. Comparison between theory and experimental values from Ref. [10] for the absorption coefficient (in units
10% cm ™~ ! amagat 2 versus frequency w in cm ! for the N,-O, fundamental band: (a) T = 213 K; (b) T = 253 K.

polarizability matrix elements of N, and O, are similar, the matrix elements of the other
parameters are considerably different in magnitudes and signs as can be seen from Table 2. Thus,
one could expect significant differences in the short-range induced dipoles, especially in their
dependence on the internuclear separation implicit in ps5.

Finally, using the set of parameters that gave the best global fit to the zero’th moments, one can
easily compute the corresponding spectral profiles. Sample results for the mixtures are presented in
Figs. 5 and 6 for several temperatures. Similar results obtain for the pure gases and for other
temperatures for the mixtures.

4. Discussion and conclusions

As evident from the figures, one can obtain a reasonable global fit to the fundamental spectra of
N,-N,, 0,-0,, N,-0,, and O,-N, over a range of temperatures using the theory outlined in
Section 2. The parameters obtained for the matrix elements of the multipole moments, isotropic,
and anisotropic polarizabilities differ by + 2 to 3% from those obtained from other experiments or
from ab initio calculations that were used previously in the pure gas cases [ 1,2], except for the value
of Qo1 of N,. The value found in the present work is approximately 9% higher than the value we
used previously [ 13]; however, we note that three other experimental determinations were also all
larger, the largest by 4% [14]. Furthermore, a more recent ab initio calculation [15,16] obtained
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Fig. 6. Comparison between theory and experimental values from Ref. [12] for the absorption coeflicient (in units
10% cm ! amagat ™2 versus frequency @ in cm ! for the O,-N, fundamental band: (a) T = 243 K; (b) T = 296 K.

the value Qo = 0.065 a, which is significantly higher than both previous experimental values and
the value obtained by our fitting. (We note that the minus sign in Ref. [ 16] results from their choice
of phase of the v = 1 wave function. Because the derivative (0Q/dr), > 0, the fundamental matrix
element should be positive.)

To achieve an acceptable global fit, it was necessary to add a short-range component to the
dominant quadrupolar induction mechanism. The magnitude of this component is reasonable
when compared with similar quantities in H, [17]. In the present work, we did not use the line
shape model containing a dip at the center due to intercollisional interference [2]; therefore, there
are small structural differences apparent in the plateau region of the S branch as in previous works
[1,2]. A more detailed treatment of these features attributable to metastable-metastable transitions
in dimers will be published elsewhere [18]. In addition, there are differences between theory and
experiment in the wings of the bands. As mentioned previously, one can get more absorption in the
wings by including higher-order induction mechanisms, with the concomitant introduction of
additional parameters. Moreover, one should also take into account the phenomena of line mixing
[19]. In the previous work as well as the present, we have neglected the effects of the anisotropic
interaction, thus enabling us to obtain the band profile as a simple superposition of individual line
contributions. This simplification affects the band profile in the collision-induced spectra in a way
similar to allowed spectra [19]. That is, one would expect some of the intensity in the wings to be
transferred closer to the band center. While the above-mentioned refinements could be made, it is
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worth keeping in mind that there are considerable experimental uncertainties in the wings due to
the inherent weakness of the induced spectra.

One final point deserves mention. Using the parameters obtained in the present study, we have
also calculated the double vibrational collision-induced absorption. The magnitude of the integ-
rated intensity at room temperature is approximately 5.6 x 1071% cm~2 cm ™~ 2. Because this
absorption occurs at the sum of the fundamental frequencies of N, and O,, it is well separated
from both of the overtone regions of pure N, or pure O,. A measurement of this spectral region,
preferably with a 50-50 mixture of N, and O,, would further verify the parameters obtained in the
present study.
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